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ALTITUDE AND HIGH MACH NUMBER

By T. J. Nussdorfer, D. C. Sederstrom
and E. Perchonok

SMMARY

A connected-pipe investigation of & 16-inch ram jet was con-
ducted in the Lewls altitude wind tunnel under controlled condi-
tions of combustion-chamber-inlet pressure and temperature, fuel
flow, and nozzle-outlet area. Three flame holders (the serrated
annuler baffle, the rake, and the corrugated gutter) provided
satisfactory performence.

The performence of all three flame holders was conslderably
influenced by the redilal position of the fuel injector and the
engine-outlet area. Gasoline proved a superlor fuel to kerosene
for both annuler end rake burners. With the corrugated gutter
burner, the data Indicated that a blend by volume of S5O-percent
gasollne and S50-peroent propylene oxide might be slightly supe-
rior to gascline.

The maximum fuel-alr ratio operating range (0.030 to above
0.098) was obtained with the rake burner using a eplit-injection
fuel system. A maximum combustlon efficlency of 85 percent was
obtained wlth thie burner. The corresponding total-temperature
ratio T was 5.8; the fuel-air ratio, 0.055; and the combustion-
chamber-inlet velocity, 177 feet per secomd. Maximum T +values
near 6.0 were obtalned with both annular and reke burners.

At low combustion-chamber pressure better performance was

. obtalned with the corrugated gubter burner than with elther of

the other burnmers. With gasoline as fuel, a peak cambustlon
efficiency of 79 percent at a fuel-alr equlivalence ratlo of 0.76
and a combustion-chamber-inlet veloclty of 211 feet per second was
obtained at & combustion-chambsr-inlet static pressure of 800 pounds
per square foot absolute. For a given configuration, only slight
changes in the total-pressure ratlo across the combustlon chamber
woere obtalned over the emntire operating range.
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IRTRODUCTION

Usual investigations of full-scale ram Jets divorce the super-
sonic diffuser from the engine by comnscting the subsonic inlet
directly to the air supply and, as such, are primarily burmer
tests. A pressure recovery is assumed for a supersonic diffuser
and the engine performance ls computed accordingly. From a small-
scale ram-Jet investigation in & supersonic wind tunnel (refer-
ence l), however, the pressure recovery across the supersonic dif-
fuser was found to be influenced by dburner design and combustion-
chamber performance. As a result of poor burning, oscillating
inlet shooks that greatly reduce the diffuser pressure recovery
may occur. Similar oscillating shocks have been encountered dur-
ing a cold-flow diffuser Investigation (referemce 2). Pulsing of
the exhaust of an expendable free-flight 16-inch ram jet has also
been recently reported (reference 3). Although the pulsing
exhiblted iIn flight was belleved to be caused by rough and unstable
combustion, evaluation of the phencmenon was difficult because of
limited instrumentation on the flight wehicle.

In order to provide information on the stabllity of combustion
and its effeote on the supersonic diffusion of a full-scale 1l6-inch
ram-jot englne, connected-plpe and free-jet studies were made in the
altitude wind tunnel at the NACA Iewls laboratory. The englne was
first run connected dlrectly to the air supply without a supersonic
inlet to determine the limitations of various burner configurations.
Results of the connected«~plpe study presented herein summarize the
performance of several burner conflgurations and fuels at high altl-
tudes and Mach numbers simulated to correspond to those expected
in the free=-Jet study. With the exceptlon of some burner performance
at very low combustlon-chamber statlic pressures, all burner perfor-
mence reported was obtalned at ram pressure ra'b{oe greater than that
required for a Mach number of 1 at the exhsusi-nozzle outlet. Com-
bustion efficlency and .gas total-temperature ratlo are presented as &
funotion of fuel-air ratio for three nozzle aresas and a range of
combustlon-chember statlic pressures. The effect of changes in the
gas total-temperature ratio on the total-pressure ratio acrosse the
cambustion chember is also presented.

APPARATUS

The ram Jet was supported above & wing spanning the wind-
tunnel test section and attached to the tunnel balance frame
(fig. 1). Atmospheric air, which was dried and then heated, wes

dravn into the engine through a make-up air duct by ralsing the
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test-section altitude. A valve in this duct provided means for
setting the engine static pressure at any value between atmos-
pheric pressure and the tunnel ambient pressure. With no throt-
tling of the inlet ailr, pressure ratios equivalent to free-stream
Mach numbers somevhat in excess of 1.7 could be obtained. The
ram jet exhausted directly into the tumnel test seotion. A 14~
inch-diameter slip joint separated the engine from the rem pipe
and made possible the use of the tunnel scales for thrust
measurements. )

Ram jJet, = The ram jet (fig. 2) used in this investigation .
oonsists of a subsonlic annular diffuser, a water-cooled combustion
chamber 16 inches in diemeter, and a water-cooled nozzle with an
area thet could be varied by & movable plug mounted within the
cambustion ohamber. (The movable plug is desoribed in reference 4.)
The diffuser was fabricated of 1/8-inch-thick steel, whereas the
cambustion chamber, the tall plug, and the nozzle were made of
i6-gage Inconel.

The over-all length of the engine from the inlet of the sub-
sonlo portion of the diffuser to the nozzle outlet is 175 inches,
of which the combustion chember and the nozzle comprise 90 inches.
Coordinates for the center body and the ram-jet shell are given
in table I. A transition plece was employed to reduce the glip-
Joint dlameter from 14 to 9.92 inches at the subsonic-diffuser
inlet. The diffuser cenbter body projected 8 inches into the tran-
sition plece and the downstream end terminated at the combustion-
chember inlet with a pilot burner. The nose of the center body
consisted of a 46° splike desligned with an axial travel of 2 inches
for subsequent free-jJet mtulies. The splke was retained in the
fully retracted position for this investigation. Veriation of
the flow ares through the diffuser is given in figure 3. Irreg-
nlarities in the curve are caused by center-body supporting struts
whose maximum thicknesses never excesd 17 percent of the ochord
length. Three equally spaced struts were used at both front and
rear suppert points.

Pllot system. - A vortex pilot patternmed after the system des-
oribed in reference 5 was housed in the downstream end of the center
body (figs. 2 and 4). The pilot combustion chamber consisted of a
truncated cone 10.3 inches long that ohanged in dismeter from

7% Inches at the upstream end to 6 inches at the exit. Propylene
oxide ln amounts not exceeding 5 percent of the total fuel flow was
burned in the pllot. A single fuel nozzle rated at 21.5 gallons

Per hour at a pressure differential of 100 pounds per square inch
was used. Alr was scooped from the main alr supply at two of the
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three main center-body supports and ducted Into the pilot through
elbows, which imparted a vortex motion to the air. The fuel was
lgnited with a commerclal Jet-englne spark plug.

Fuel-injection system., - The fuel injector was located 17 inches
upstream of the flame holder. A remotely controlled mechanism
housed within the center body made poesslible the radlal ad justment
of the fuel inJjector during operation. arious types of fuel bar
could be attached to four arms spaced 90 apart. These arms had
& 2-inch radial adjustment in an annular passage 4 inches wide.

Fuel was fed from a central manifold through flexible lines to ‘the
injJector. The details of the system are shown in figure 4.

Two basic fuel-injection patterns were investigated. Ome
pattern oonsiasted of four arc segments making up & manifold to
wvhich four modified commercial spray .nozzles wers attached (fig. 5).
The nozzleés, rated at 21 gallons per hour at a differential pres-
sure of 100 pounds per squere inch, were modified by reducing the
external oross-sectional area without affecting the spray pattern
(fig. 6). The fuel was sprayed upstream at an inJjection radilus
that could be varied from 5.22 to 7.22 inches. The other pattern
(fig. 7) consisted of four arc segments of 1/4-inch-diameter tubing,
which had been flattened to reduce the blocking area. Twenty-five
0.028-1nch-dlameter orifices were drilled in each segment. Every
third orifice sprayed radlally inward and the others were directed
upstream. In this case the fuel-injection radius ocould be varied
from 5.38 to 7.38 inches. Special auxiliary inJjectors that were
also uwsed are described in the discussion of resulta.

Fuels. - The stolchlometric mixture ratios and the lower heating

values of the fuels used in this investigation are as Pollows:
I Fuel Stoichiometric |Lower heating value
fuel-air ratio (Btu/1b)
Gasoline, AN-F-48b, grade 80 0.067 19,000
Kerosene, AN-F-32a .068 18,500
S50-percent gasoline and 50-
percent propylene oxide .081 . 16,060

Flame holders. - All flame holders were mounted with the center
rim around the pilot chamber exit. The serrated annular baffle and
reke flame holders were made of 1/8-inch mild steel, whereas the cor-
rugated gutter fleme holder was mede of l6-gage Inconel.

1287
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The serrated annular baffle flame holder (fig. 8) consisted
essentially of an annular baffle set at 35° to the air stream with
inner and outer diameters of 9.6 and 14.4 inches, respectively.

Triangular serrations 2%:- inches deep were cut into the outer side.

Nine l-inch sweptback radial gutters ocomneoted the baffle to the
center support rim. Provision was made for injecting fuel within
the flame holder through nine commercial spray nozzles located
opposite the radial connecting gutters. This flame holder had a
projected blocking area of 55 percent of the annular combustion-
chamber-inlet area.

The rake-type flame holder (fig. 9) was patterned after a
flame holder described in reference 8. Fach of the six rakeé clus-
ters was attached to the supporting rim by a 90° radial gutter,

Zi'- inches wide. Fuel was injected within each cluster through

commsrclal spray nozzles. The blocking area of this flame holder
was 41 percent of the amnular combustion-chember-inlet area.

The ocorrugated gutter flame holder (fig. 10) oconsisted of a
serles of corrugated gutters having a chord of 2 inches, a spacing
of 1 inch between corrugations, and an angulsr gutter variation
fram 35° to 53° included engle. Smaller uncorrugated connecting
gutters were welded between the corrugated sections. This flame
holder had a blocking area of 54 percent of the ammular combustion-
chamber-inlet area.

The effect of variation in combustion-chamber-inlet Mach num-
ber on the cold total-pressure-drop coefficient for all three flame
holders is ghown in figure 1l. Included in this coefficient are
pressure losses in the combustion chamber and the nozzle, which
are negligible in comperison with the flame-holder loss. Simple
theory indiocates thaet at a given Mach number the total-pressure-
drop coefficient should increase with flame-holder blocking area
(reference 7). The apparent inconsistency in the pressure~-drop
ooefficlents for the serrated annular baffle and corrugated gutter
fleme holdera is explained by the fact that all the blooking of
the annular flame holder does not ocour in a single plane normal
to the air flow and that the contraction coefficient is not the
geme for all flame holders.

Nozzle. = A hydraulically operated, movable, water-cooled plug
was mounted in the last 6 feet of the combustion chamber. In the
fully retracted position, the tip of ' the plug extended to the nozzle

outlet. The plug, which has a maximum diameter of B%-S' inches, was

STURT IR
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provided with an axial travel of 11.75 inches. The plug position
was remotely controlled and could be ohenged while the englne was
operating. The nozzle ls a 9-inch trunoated cone, tapering from
the 16-inch cambustion-chamber dlameter to a 13.75-Inch outlet
dlameter. At all plug posltions, the minimum plane area ocourred
at the nozzle outlet. The variation of nozzle-outlet area with
plug position in figure 12 shows that a variation in outlet area

of 51 to 74 percent of the combustion-chamber area is possible.

The ratio of the nozzle-outlet area to the l8-inch-diameter
combustion-chamber erea 1s héreinafter called the outlet-area ratio.

PROCEDURE

The engine wes llberally instrumented with total- and stetic-
pressure tubes and thermocouples. Pressures were read from photo~
graphs of mancmster boards and temperastures were manually recorded
from a self-balancing potentlomster. The alr flow through the engine
vas calculated from pressure-rake dats obtained at stations x and
¥y (fig. 2). The oombustion-chamber-inlet velocity was ocaloulated
from the wall static pressure at the cambustion-chamber inlet and
the mpagsured air flow. '

Date obtailned with the tail rake (figs. 1 and 2), which
retracted as the plug was extended, were used in obtaining the
total preseure at the englne outlet. Combustion effioiency and
gas total-temperature rise were computed by methois presented in
references 8 and 9 from the measured Jet thrust (with tunnel scales)
and the air and fuel flows. The rate of fuel flow was measured with
a rotameter calibrated for the fuel being used. The heat lost to
the combustion chember and the nozzle-plug cooling water as well as
the energy content of the pilot fuel were included in the evaluation
of combustion ‘efficiency. In the eveluation of the final gas tem-
perature and the ratio of ebsolute total temperature at nozzle out-
let to absolute total temperature at combustion-chamber inlet,
however, the heat lost to the cooling water was exoluded.

In order to start the engine, the tunnel was first evacuated
to the desired pressure altitude end the nozzle plug was positioned
for a small outlet area. With a slight amount of air flow through
the engine, the pllot was ignited. Burner ignition occurred when
the proper proportion of fuel was added. Obtaining the desired
operating conditions, however, required simultaneous regulation of
fuel flow, air flow, and outlet area. The pilot was allowed to burn
continuously. Burner performance and fuel-air ratio range were

S
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determined at several engine-outlet areas, at pressure altitudes up
to 50,000 feet, and at combustlion~chamber statio pressures expected
in the free-Jjet investigationm.

For each burner the optimum radial positlon for the fuel injec-
tor was determined in the following manner: At a fuel flow and
‘nozzle-outlet area that gave typical engine operation, the radlal
position of the fuel injector was slowly varied from the retracted
to the extended position. The position that gave the minimum
combustion-chamber-inlet velooity (as determined with an airspeed .
indicator) was assumed to result in the maximm combustion efflolency
and the maximum exhaust-gas temperature. For & glven burner and fuel,
the optimum fuel-injector position thus determined remalned essen-
tially constant for most operating conditions.

SIMBOIS
The following symbols are used in this report:

A oross-sectlional area, square feet

fuel-air equivalence ratio, ratio of actual to stolchiometric
fuel-air ratio

f/a fuel-air ratio

Mach number

total pressure, pounds per square foot a.'bsolute-
static pressure, pounds per square foot absolute
dynamic pressure, pounds per sguare foot

total temperature, °R

veloolty, feet per second

gdl-illﬂ'dhlz

combustion efficiency, percent (based on enthalpy changs of
gases and energy content of fuel injected)

A

ratio of absolute total temperature at nozzle outlet to abso-
lute total temperature at combustion-ochamber inlet

T
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Subgeripts (fig. 2):
1 supersonic-diffuser inlet

2 subsonic~diffuser inlet

3 diffuser outlet and combustion-chamber inlet
4 combustion chamber

S combustion-chamber outlet

6 nozzle outlet

£ fuel

x alr-flow measuring station

¥y diffuser-inlet pressure-survey station

RESULTS AND DISCUSSION

The burner configurations investigated and the range of
combustion-chamber~-inlet variables over which they would operate
are described in teble II. The influence of the fuel-inJjection
radius, the outlet-area ratio Ag/A,, and the type of fuel burned
on the operational performance of the three burners is also indi-
cated. In general,.only the configurations that resulted in rela-
tively good performance are reported herein.

The fuel-injection radius was found to be oritical to the per-
Tormance of all the burners investigated. A change of 1/4 inch in
injection radius could cause a serious reduotion in combustion offi-
clency, rough-and unstable burning, and in some instances fleme
blow~out. Data were obtained in most cases only at the injection
radius for maximm performence.

The combustion-chamber-inlet veloclities 75 indicated in

table II for which flame blow-out occcurred were obtalned by extra=
polation from & plot of Vz as a funotion of f/a Yo an estimated

f/a at the blow-out point,

All data, except for a combustion-chamber-inlet static pres-
sure pz of approximately 800 pounds per square foot absolute,
were obtained with a choked outlet and' therefore represent burner
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performance vhenever the existing combustlion-chamber-inlet condi-
tions can be duplicated.

Burner Performence with Serrated

Anmmlar Baffle Flame Holder

Operational performsnce. - Table II indicates that the best
mul’ig were o‘b%a% vith the annular fleme holder when the ori-
fice fuel injector (fig. 7) was used.

A fuel-injection radius of 6.22 inches (run 1) gave the best
combustion performance and at an outlet-area ratio of 0.739
resulted in an operational f/a. range of 0.055 to 0.092 with lean
and rich blow-out velocltlies of 195 and 194 feet per second, respec-
tively. When the outlet-area ratio was decreased to 0.676 and then
Purther decreased to 0.600 (runs 2 and 3), the opersble f/a range
shifted toward the lean region, approximately 0.04 to 0.08. For all
three outlet-area ratios, lean blow-out occocurred at essentlally the
seme Vz (2005 £t /sec).

With all conditions identical to those of run 3 but with p3
reduced to 1365 pounds per square foot absolute (run 4), rough
burning or blow-out occurred at outlet-area ratios above 0.600.
At an outlet-area ratio of 0.600, the reduction in combustion-
chamher-inliet static pressure from 1750 to 1365 pounds per square
foot absolute resulted in a decrease in the operable f/a range.
In sddition, this redustion in pxz reduced Vz at lean blow-

out to 177 feet per second.

The annuler burner was run with an injectlon radlus of 5.38
instead of 6.22 lnches to determine the effect of injectlion radius
on burner performance (run 5, table II). With gasolins as fuel and
a Py of 1800 pounds per sguare foot absolute, rough and unsteble

operation resulted at outlet-area ratios greater tham 0.676. At
this outlet-area ratio, the operable fuel-alr ratio range was very
narrow, 0.044 to 0.052.

With kerosene as fuel, best operational performance with the
annular flame holder was obtalned at a fnel-injection radius of
5.94 inches (as compared to 6.22 in. with gasoline). Results for
an injeoction radius of 5.94 inches are shown only at a combustion-
cheamber-inlet pressure of 1790 pounds per square foot absolute
(runs 6 to 8). At outlet-area ratios of 0.739 and 0.676, the

SOTERNTRY ..
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operable fuel-alr ratio range was extremely narrow and lean blow-
out ocourred at mixtures near or richer than the stoichlametric
velue (0.068). Reducing the outlet-area ratio to 0.600 (run 8)
approximately doubled the operable range and extended both rich
and lean blow-out limits,.

Although burning was attained with the fuel inJected through
cammercial spray nozzles within the flame holder, the results were
ungatisfactory and are not reported hereln.

Effect of fuel-air ratio on burner performance. - The vari-
ation of combustion efficiency v, and total-temperature ratio

across the engine T with f/a is shown in figure 13. Deta wers
obtained with gasoline over a range of outlet-area ratios and at a
cambustion~-chamber-inlet static pressure of 1750 pounds per sguare
foot ebsolute. The meximm 7, of 82 percent was obtained at t/a

of 0.054 and outlet-area ratio of 0.876. The corresponding V; was

180 feet per mecond. Operation at the largest outlet-area ratio
(0.739) resnlted in combustion efficiencies approximately 4 percent
lower over the entire fuel-alr ratio range than those obtalned with
the two smaller outlet-area ratios. For all ontlet-area ratios, the
maximm 7; oocurred near an f/a of 0.054 and decreased at both

the leaner and richer values. Maximum values of T, however, were
at f/a ratios richer than those at which the peak n, was

observed. The maximm T of 6.0 was observed between f£/a of
0.065 and 0.072 for the two smaller outlet-area ratiocs. Further
inoresses in f/a caused a slight reduotion in T. At the larg-
est outlet-area ratio (0.739), the maximm value of T was 5.8
and occurred at f/a of 0.058 and Vz of 189 feet per second.

Also shown in figure 13 are three data points obtalned at &
Pz of 1365 pounds per sguare foot absolute and at an outlet-area
ratio of 0.600. This pressure level is near that at which blow-
out occurs for this burner. At outlet-area ratios greater than
0.800, burning was rough end unstable. A mgximum 1, of 70 per-
cent was obtained at a f/a of 0.051 and & V3 of 168 feet per

gsecond. A maxrimm T (5.8) resulted at a f/a of 0.066. The
concomltant T, Wwes 68 percent and Vz was 157 feet per second.

A comparison of the combustion performances obtained with
kerosene and gasoline is made in figure 14. The curves for ges-
oline were taken from figure 13. The date obtained with kerosene
at all three ocutlet-area ratiocs appear to fall on a single curve.
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Although the maximum combustion efficiency of 66 percent ocourred
closer to the stolchicmetric mixture (fuel-alr equivalence ratio
of 1) with kerosene than with gasoline, the combustlon efficiencies
and the resulting values of T were consistently lower for kero-
sene. The maximum combustion-chamber-inlet velocity at which date
were obtained with kerosene was 189 feet per second and the cor-

responding T was 5.6.

Burner Performeance with Rake Flame Holder

Operational performence. - With the rake flame holder (fig. 9)
as with the anmnular flame holder, optimm performance (see table IT)
was obtailned with the orifice fuel inJjector (fig. 7). With gas-
oline as fuel, a fuel-injection radius of 5.94 inches was reguired
for optimm combustion-chamber performance. At a cambustion-chamber-
inlet static pressure of 1800 pounds per square foot absolute,
decreases 1n the outlet-area ratio slightly extended the rioch end
lean operating limits (runs 9 to 11, table IT). At the smallest
outlet-ares ratio (0.600), the operable f£/a range was from 0.047
to 0.074.

With kerosene as fuel, the optimm mean fuel radius was found
to be 5.74 inches (runs 12 apd 13). The rich dblow-out limit could
not be determined because it was beyond the pumping oapacity of the
fuel system. At comparable outlet-area ratios, a greater operable
range was obtained with kerosene than with gasoline. Satisfactory
operation was obtained at combustion-chamber-inlet veloclitles in
exceas of 200 feet per second with both fuels. For an outlet-arsa
ratio of 0.676 (run 12), lean blow-out ccourred at approximetely
the same Vz; and f/a at 1850 pounds per square foot absolute as

at 1470 pounds per square foot absolute.

In order to extend the operable f/a range in the lean regiom,
the principle of split fuel injection was employed. The best per-
formance obtainable with each of two different auxiliary injJection
systems 1s sumarized in table II, runs 14 to 17. Spraying eddl-
tionel fuel downstream through six nozzles, located within the
fleme holder and rated at 21 gallons per hour at a differential
pressure of 100 pounds per .square inch, produced rough burning and no
noticeeble extension of the operating limits, The lean f/a 1limit
was extended from 0,050 (run 9) to 0,032 (run 14) but the upper f/e
linmit was appreclably decreased when 850 pounds of fuel per hour
(39 to 45 percent of total fuel flow) was sprayed 2 inches upstream
of each flame-holder cluster. The additional fuel was injected

SONTIIENTTG
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through six radial spokes manifolded outside the engine, Attached
to each spoke was a modified ococmmercial sprey nozzle reted at 21 gal-
lons per howr at 100 pounds per squere inch (fig. 15). The balance
of the fuel was lntroduced through the orifice injector. Little
ohange in renge of operation was noted when all the fuel was intro-
duced with the auxiliary injector through nozzles rated at 55 gallons
per howr (run 15),

Although use of an auxiliary spray-nozzle injector lowered
the lean blow~out limit, the operable f/a rangs was narrower
than without this secondary injector. In order to extend the
operable r/a. range into the rich region, another auxiliary
fuel injector of the orifice type, designated radial spray bars
(fig. 16), was employed. 8ix radial l/4-1nch tubes flattened to
a streamlined shape were installed 2 inches upstream of each
flame-holder cluster. Fach radial spray bar had a total of twelve
0.028-inch-diameter orifilces, six on each side, spraying fuel in
a direction normal to the alr stream.

Optimum performance was obtained with an approximately con-
stant fuel flow of S00 pounds per hour (12 to 29 percent of total
fuel flow) injected at a radius of 5.38 inches through the primary
orifice fuel injector end the remaining fuel injeoted through the
auxiliary radial spray bars (runs 16 and 17). At outlet-area
ratios of 0.739 and 0.676 amd a 23: of 1750 pounds per sguare
foot absolute, the operable fuel- ratio range was the largest
of any configuration investigated. The lean limit was spproxi-
mately the same as that obtained with the previously desoribed
split fuel-injection systems (about 0.030), but rich bdlow-out was
not obtained up to the point at which the pumping capascity of the
fuel system was reached (f/a = 0.098). The meximm combustion-
chamber-inlet velocity attained prior to the rich pumping limlt was
190 feet per second and prior to lean blow-out, 246 feet per second.

Effeot of fuel-air ratio on burner performance. - The vari-
atimmm ratio with
f/a for runs 9 to 11 (teble II) is shown in figure 17. All date
were obtalned with gasoline at a combustion-chamber-inlet total
temperature of 570° R and a static pressure of 1800 pounds per
square foot absolute. The maximum combustion efficiencles as well
a3 the maximum values of T were obtained at an outlet-area ratio
of 0.876 over the entire range of operation. The peak combustion
efficiency of 84 peroent occurred near lean blow-out, f£/a of 0.05,
and at a Vz of 189 feet per second; the maximm T of 5.8 was

CONDIDENIELT.
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reached at & f/a of 0.058 and remained oomstant until rich blow-
out. Progressively lower values of 173 and T were observed for
outlet-area ratios of 0.739 and 0.600. At these outlet-area ratlos,
the change in T between f/a of 0.059 and rich blow-out (£/a of
approximately 0.070) was slight.

A comperison in terms of the fuel-alr equivalence ratio E
between the values of LTS and T obtained with gasoline and ker-

osens at an outlet-area ratio of 0.676 is glven 1in figure 18. Data
were obtained at a cambustion-chamber-inlet total tempereture of
570° R for gasoline and 605° R for kerosene. The curve for gaso~
line was taken from figure 17 (py = 1800 1b/eq £t). The kerosene

data were obtained et pz of 1850 and 1470 pounis per square foot

absolute. No significant effect of combustlon-chamber pressure
level on burner performance wlth kerosene as fuel can be observed
wilthin this pressure range.

Although the operable range of the reake burner 1s greater with
kercsene than with gasoline, the extension ie essentlally in the
rich region and 1s accompanied by & low cambustlon efficlency. At
the same values of E, the values of 1, and T obtained with
gasoline were consistently greater than with kerosene. The
combustion-chember-inlet velocitlies were of the same order of mag-
nitude for both fuels (180 to 200 £t/sec). At stoichiamstric con-
ditions, =n;, was 74 percent and T was 5.7 with gascline and

71 percent and 5.2, respectively, with kerosene. The maximum
recorded 1, with the kerosene was 78 percent and occurred at

an equivalenoce ratio of 0.89.

The burner performance with gasoline for the split-fuel-
injeoction configuration that resulted In the greateat extension
of operating limits (runs 16 and 17, table II) is gresented. in
figure 19. These data were taken at & Tz of 550° R and & D3

of 1750 pounds per square foot absolute for outlet-area ratios of
0.739 end 0.676. Approximately the seame f£/a operating range,

My, &nd T resulted at both outlet-area ratios. The cambustion

efficiency peaked with a value of 85 percent at a f£/a of 0.055
and Vz of 177 feet per second. The corresponding T was 5.8.

- The value of T inoreased gradually with f/a to a maximum value

of 5.9 near f/a of 0.065. Further increases in f£/a resulted in
a s8light drop in the value of T. At an outlet-area ratio of 0.676,
approximately the same combustion efficiency values were attalned
with or without split fuel injection (figs. 19 end 17, respectively).

b "2 R T R
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At an outlet-area ratic of 0.739, however, the use of the split-
fuel-injection system not omly extemded the operating reange in
both the lean and rich directions but also raismed the combustion
efficienocy and the resulting Tt several percemt.

The lean blow-out ocourred near & Vz of 240 feet per second
for both outlet-area ratios (table IT). As previously indicated,
rich blow=ocut could not be reached due to & limlitation In the fuel-
bandling cepecity. At the maximmm f£/a for which data ocomld be
taken (0.098), burning was still eatisfactory. All date for the
pplit-fuel-injection comfigurations were obtalned at combustion-
chamber-inlet velocitles between 173 and 239 feet per second.

Burner Performence with Corrugated
Gutter Flame Holder

Operational gomanoe. -~ Best operation with the corrugated
gutter flame holder (fig., 10) was obtained with the spray-nozzle
injector (fig. 5) set at a radius of 5.22 inches (runs 18 to 22,
teble II). At an outlet-area ratio of 0.739, Ty of 575° R, and

Px of 1650 pounds per sguare foot absolute, satisfactory operation

with gasolline was obtalned between f/a. of 0,029 apd 0.059 (run 18).
The V3 varied between 206 and 279 feet per seoond. Reduction In

outlet-area ratio to 0.676 (run 19) merely reduced the velocities to
a range of 187 to 247 feet per second and caused little change in

the operable f/a range.

At the larger outlet-area ratic (0.739), & reduction in the
combustion-ochamber-inlet static pressure from 1650 to 790 pounds
per squere foot absolute (run 20) shifted the operable f/ﬁ range
toward slightly leaner mixtures. The corresponding combustion-
chamber-inlet velocity range was 211 to 311 feet per second.

The operation of this burner was alsc investigated using ag
fuel a blend by volume of approximately 50-percent gasoline and
50-percent propylene oxide. The optimum radial fusl-injection
position was identical to that for pure gasoline. . At a pressure
level of 16855 pounde per aguare foot absolute at the combustion-
chamber inlet, little variation in the operable f/a. range or
inlet velooities from those existing with gasoline were noted
(run 21)., Contrary to the results obtained with pure gasoline, a
reduction in Pg from 1655 to 800 pounds per square foot absolute

(run 22, table II) resulted in a slight extensiom of the operable
£/a renge.

—rasp WIS RIT ag
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Effect of fuel-air ratio on burmer %roma.noe. -~ Curves of 'bhe‘
varlation in N, and T th fuel-air ratioc for gasoline as fuel
are glven in figure 20. At an outlet-area ratio of 0.739, Pz of
1650 pounds per squere foot ebsolute, end Ty of 575° R, date

were cbtained with alr having a dew point of 30° F and then the same
data points were repeated as clomely as possible with dried air
having e dew point of 2° F. For the range of dew points investigated
and within the accuracy of the data, no appreciable effeot of mois-
ture content of the air on combustion efficiency wes observed. It

is interesting to note the accuracy with which the data points oould
be reproduced.

Also Inoluded in figure 20 are data for an outlet-area ratio of
. 0.676., As with the other two burners investigated, an outlet-area
ratio of 0.739 resulted in lower cambustion efficlencles and con-
sequently lower values of T ‘than an oublet-area ratio of 0.876.
This result is probably due to the greater combustion-chamber-inlet
veloolties involved at the larger nozzle-outlet areas, With the
smaller outlet-ares ratio, the maximum 4, of 68 percent oocurred

at a f/a of 0.05 and Vxz of 196 feet per second; the corresponding
T was 4.5. Although the value of 17; was slightly lowered, an

increase in T +to 4.8 was achieved by increassing the f£/a +to
0.057. -

The maximum My, with the larger outlet-area ratio was 64 per-
cent and oocurred neer rich blow-out at an f/a of 0.057 and & Vg

of 208 feet per second; the resulting T was 4.8. At both cutlet-
area ratios, the general trend was for T %o lnorease with an
increase in f/a, reaching a maximum at rich blow-out.

The- ef'fect of corbustion-chambexr pressure level on burner per-
formance For the blend of S50-percent gasoline and 50-percent pro=-
pylenes oxide 1s shown in figwre 21 for an outlet-area ratio of 0,739
and & total temperature of 565° R. The date were cbtained at pz
values of 1820, 1655, and 1300 pounds per squere foot absolute and
are plotted as a functicn of equivalence ratioc. Only a slight vari-
ation in the operable fuel-alr ratlo renge was observed over the
range of pz Iinvestigated. A slight effect of pressure on the

combustion effliciencies, however, was obtalned. The peak combustlion
efficiency of 71 percent and T of 4.8 resulted at a pz of

1920 pounde per square foot absolute near the rich blow-out con-
dition (E = 0.8). Below rich blow-out, greater 1, resulted at

a pressure level of 1300 than at elither 1655 or 1820 pounds per
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square foot absolute. This unexpected reverse effect of Pz on 1Ny

mey be partly due to changes in fuel pressure and the resulting fuel
distribution. The fuel-pressure range for each value of Pz level

is therefore glven on the figure. Inasmuch as the maximmm spreed in
N, Zfor the three pressure levels was small, a single curve for T

was drawvn through all the data. The value of T Increased almost
linearly with equivalence ratio and the combustion-chember-inlet
veloolties ranged from 200 to 270 feet per seoond.

A direct comparison can be made at a Dy of approximately

1650 pounds per sguere foot absolute of the burner performance
with gasoline (fig. 20) and with blended fuel (fig. 21). At the
same fuel-alr equivalence ratio, the combustion efficlencles and
total~temperature ratios obtalned with the blend were a few per-
cent above those obtained with the gasoline. Because the operable
range with pure gasoline was greater than with the blend, the max-
4mum T obtained with the gasoline (4.7 at E = 0.85) was greater
than that obtained with the blend (4.2 at E = 0.70).

A comparison of the performance cbtalned with the two fuels
at Pg of 800 pounds per square foot absolute is made in figure 22,

Burner performance is again presemnted as a function of fuel-alr
equivalence ratio at an cutlet-area ratio of 0.739 and Ty of
565° and 580° R. At thie low combustion-chamber pressure level,

& prespure ratio at ‘the nozzle outlet suffioient for choking could
not be cbtained; however, an approximately constent pressure ratio
was maintained across the engine. The rich and lean limits ccocurred
at about a fuel-air equivalence ratio of 0.35 and of 0.75, respec~
tively, for both fuels. At this combustlon-chember pressure level,
the blend was superior to the gasoline only at the leaner condl-
tions; essentially the same 17; and T values conld be cbtalned
at a glven E in the richer regioms with either fuel. For both
fuels, 17; and consequently T increased gharply with fuel-ailr

equivalence ratio and reached a maximum of 79 percent and 5.0,
respectively, at an E of 0.76 for gasoline and 75 percent and
4.8at E of 0.73 for the blended fuel. The range of v5 ab

this low Py Was from 196 to 311 fest per second and corresponded

t0o combustion-chember-inlet Mach number M5 values between 0.168
and 0.262.

The trend established in figure 21 of the combustlon effi-
olencies with the blend being greater at a reduced combustlon-
chamber pressure level (1300 1b/sq £t absolute) than at the higher

"
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pressures is further lllustrated et 800 pounds per square foot
ebsolute in figure 22. A similar trend of the combustion effi-
olency rising with a decrease in the coambustion-ohamber pressure
level from 1650 to 800 pounds per square foot absolute was
exhibited with pure gasoline (figa. 20 and 22). The reduction
in pressure level was also accompanied by a slight shift in the
operable fuel-air equivalence-ratio range toward the lean region.
The peak Ny vas only 64 percent and the peak T wes 4.6 at D3

of 1650 pounds per square foot absolute and oocurred at E of
0.88 (fig. 20); whereas at Pz of 800 pounds per square foot &bso-~

lute, the peak T, Was 79 percent and the peak T was 5.0 and

ocourred at a leaner mixture E of 0.76 (fig. 22). The inlet
temperatures and velocitlea at both pressure levels were similar,
The reasons for these unexpected varlatioms in burner performance
with pressure level are not fully understood. Other variables

in addition to combustion-chamber-inlet pressure were probably
involved ani these unimown variebles have not been ilncluded in the
date evaluation.

Canbustion-_o.'namber Pressure Reocovery

Representative total-pressure ratios PB/I’3 across the com-

bustion chamber for the rake and corrugated gutter burners are pre-
gented as & functlon of T 1in figure 23 for outlet-area ratios

of 0,739 and 0.676. The pressure ratios for the serrated annular
baffle burner are similar to those obtained with the rake burner
and are therefore not shown.

The pressure losses across the canmbustion chamber arise from
the addition of heat to a flowing gas and from the frictlomal
losses of the flame holder and the cambustlion chamber. The pressure
loss due to the addition of heat 1s primarily a function of Mz and

T, whereas the friotional losses depend primarily om Mg (ref-

erence 7). For a given burner and at a fixed outlet-area ratio,
the two losses combine to glve a relatively amall change in pressure
ratio over the entire range of T. For example, between T values
of 4 and 6 and at Mz values ranging from 0.18 to 0.21, the pres-

sure ratlo across the oambustion chamber at a given ontlet-area
ratio (0.739) veried only 0.015 with the reke burner. At a lower
range of T, values obtained with the corrugated gutter burner at
the seme outlet-area ratio and for Mz values between 0.18 and

0.23, the total change in the pressure ratio was only 0.05,

ANk
AW L,
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This slight change in the pressure ratio across the cambustion
chamber over the entire operating ranges of a given configuration
faollitates the analytical treatment of over-all ram-jet perform-
ance by permitting the use of an assumed constant combustion-
chamber pressure loss. )

The variation in total-pressure ratio across the combustion
chamber over the entire operating range of all conflgurations
presented In figure 23 ls only 0.76 to 0.88. The larger losses
oocur &t the low values of T, because under such a comndition
the high values of Mz are emcountered.

SMARY OF RESULTS

The combustlon performance of a 16-Inoh rem jet with each of
three burner configurations (rake, serrated annular baffle, and
corrugated gutter burners) was determined in the Lewis altitude
wind tunnel under controlled conditions of combustion-chamber-
inlet pressure and temperature, fuel flow, and nozzle-outlet area.
The results obtalned are summarized as follows:

1. A different optimum fuel-injectlon radius usually existed
Por each combination of burner and fuel. A change of as little
as 1/4-inch from the optimum position could cause a serious reduo-
tion in combustion efficlency, rough and unsteady burning, and in
same instances blow-out. '

2. Based on the values of combustion efficiency and total-
temperature ratio ocbtained, gasoline proved a superior fuel to
kerosens for both the rake and the annular baffle burner con-
figurations., Data obtained with the corrugated gutter burner
indlcated that a blend of 50-perocent gasoline and S5O-percent pro-
pylene oxide might have characteristics slightly superior to pure
gasoline,

3. Because of the magnitude of the combustion-chember-inlet
Mach numbers, an equal and sametimes slightly greater combustion-
chamber pressure drop was experienced at the lean fuel-alr ratlos
and the low total-temperature ratios than at the richer mixtures
and high total-temperature ratios with all burner oconfigurations
investigated.

4. For all burners, greater ocubustion efficlency and total-
temperature ratio were obtained at an outlet-area ratlo of 0,676
than at 0.739, the maximum value investigated.
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S. No effeog on 'bu:gner performance over a combustion-alr dew
point range of 2% to 30~ F was apparent.

6. The maximum combustion efficlency obtained with the ser-
rated ammular baffle burner was 82 percent at a fuel-alr raticv of
0.054 and & ocombustion-chamber-inlet veloocity of 180 feet per sec-
ond. The corresponding total-temperature reatlo was 5.7. The maxi-
mue total-temperature ratio attained was 6.0. Lean blow-out was
estimated to occur for each of the three outlet-area ratios lnves-
tigated at a combustion-chamber-inlet veloclty of approximately
200 feet per second. The operational performance of the burner was
sensitive to a reduction in the combustion-chamber pressure level
from 1750 to 1365 pounds per square foot absolute.

7. The maximum fuel-air ratio operating range of 0.030 to
0.098 (upper limit imposed by fuel-pumping cepacliy) resulted when
a split-injection-fuel system was employed with the reke burner.

A meximum combustion efficiency of 85 percent was also obtained
with this configuration at a fuel-air ratio of 0.055 and & total-
temperature ratio of 5.8. All data obtained were for combustion-
chamber-inlet velocities between 173 and 239 feet per second.

8. The best performance at low combustlon-chember pressure
level was obtained with the corrugated gutter burner. Noticeably
higher combustion efficlencies and total-temperature ratlos were
observed at 800 than at 1920 pounds per square foot absolute at
the combustion-chamber inlet. The maximum combustion oefficiency
of 79 percent occurred at a cambustion-chamber-inlet pressure of
800 pounds per square foot absolute. Other variables in addition

to combustiocn-chamber-inlet pressure were probably involved &and 'l-.hese_

unknown variables have not been included In the data evaluation.
The renge of cambustlon-chamber-iniet velocities over which this
burner was investigated was 188 to 311 feet per second .

Lewls Flight Propulsion Iaboratory,
National Advisory Committee for Aeronautios,
Cleveland, Ohio.
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TABLE I - TABLE OF COORDINATES FOR 16-INCH RAM JET

Distance | Diameter | Diameter Remarks
from of inner | of outex
supersonic=- body body
diffuser (in.) (in.)
inlet
(in.)
0 ———— | me—- Inlet to supersonic diffuser
(free-jet investigation only)
6 4.2 9.92 Subsonic-diffuser inlet (cor-
responds to station 2, fig. 2)
12 4.74 10.56 Front center-body support
(station y, fig. 2)
24 5.56 11.80
36 6.28 135.04
48 6.986 14,30
82 7.88 15.80 Alr-flow measuring station
(station x, fig. 2)
65 8.00 16.00 _
74 8.00 16.00 Fuel-injector location
80.7 7.25 16.00 Pllot burner
g1 8.00 16.00 Combustion-chamber inlet
(station 3, fig. 2)
g2 0 16.00 .
172 Variable | 16.00 FNozzle inlet (station 5, fig. 2)
181 Verieble | 13.75 |ZEngine outlet (station 6, fig. 2)
! NNAA
AT




TAKLA IT - SUGHARY 0F OOXPFIGURAYIONS INVESTIOAYED AND RESULTS ORTATNED

fon | Flame |[Fosl injsator| Puel- |Cutlete| Combuwtlon- Foel-air retio, I/a Fosl Hig-
holdsr injeckion| area ' | chumbsr inles (n) ure
redius | retio 'NEREIG | Yotal |
(1n.) | Ao/As |pressure |tempeze
P atare
Al [
«J] (°R) 08 .04 06 ,08 .07 .08 .08 .10
L 1 ] 1 L |
1| Amwilar|oritice 6.58 0.730 |1780 120|540 x20 Y = 198 O—f———r—————rof—0 194 aeoline 13
2 6.5 .578 (1750 100|540 120 $ —0174 Gasoline 13
3 e.29 - 1750 120|540 190 198 O- ~0154 Gazolina 13
4 6.59 <000 (138513 {540 190 177 e—4———0157 Ganoline 13
5 .30 .076 |1800 13 |40 %80 183 +—1191 Gasoline -
a B.94 730 |1790 115|686 %10 1 0——8 Isrosens 14
T B.04 . 1700 115|666 110 178 O-f——id 178 Xarosena 14
(] But 800 |1790 %1B8|666 ¥10 174 L Isrosens 14
9| Bake Orifios B.94 0.729 |1800 17 |570 110 206 O+———K0 195 Gupoline 17
Orifice B.94 -876 |1800 17 |670 110 190 ¢————i0 179 Gapoline 17
Orifics B.54 . 1800 17 |570 110 180 o———+0163 Casoline ir
Orifics B.7T4 «876 |14%0 110|005 10 R04 0 { Xarosens 18
Orifios B.74 .876 |1880 10808 £10 Enrosens s
rifios B.74 «800 |1850 tl0}e0s %10 186 o— — 150 |Esrcasns -
:sl Orifice snd B.94 7% (1710 100|660 %6 43 O+——+0 200 Gasolins -
spoke with .
spray nossled
Spoke with «T30 (1790 1B |65 I8 44 O—+——I0 205 Gusoline -
lpﬂLmllll‘- LI
. arifice and 5.3 T30 |1730 110|880 110 248 Of —* 190 Gasoline 19
bar v ' '
17 orifice and 8.38 .5676 |1780 110)860 110| a3s o~ ~% 193 |Gmsoline 19
[radisl sprey .
[bar
18 Gor.:u—d rnqy mossle | 8.89 0.759 [1800 :LE|8756 #0| g7 Ob—————10 208 Onsoline 20
. "
guttar
19 8.8% .676 (1880 TA5{876 10| M7 O——-———0 197 Gasoline 20
20 5.88 .70 | 700 tg0|0aq 8 [a) $—————h @] nsollne 22
21 8.28 «T3R (18556 ¥10|588 15 883 H——10 Propylesas oxidel 51
’ B8O puuntgo
. gesoline ,
m
A 5.8 «750 | 800 110|588 t5 | 8288 Q"% 108 gomuond.-‘ﬂi
percent
- msoline, !0
03 04 406 .08 .07 08 .09 10 P

-3pata point bafors blow-oub, 13 bloweont polnt, O; estiwated combusticn-chamber-inlet velocity, ¥y, ft/mec.
VrLimisations of equipment prahibited higher fuel-air ratia.

Rated as 21 gal/be at 100 1b/aq in.
Shated at 55 gal/pr at 100 1b/eq in.

_%Ouslet not ohokad.
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Fgure 1, - Comected~pipe Installation of 16~inch ram jJot in altiinis wind tmmnel.
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Tigmre 2, = Bchematic diagram of 15~inch rem Jet,
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Figure 3. = Varlation of flow area through ram-jet diffuser.
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Figure 5. — Spray-nozzle fuel Injector.
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Pigwre 6, - Externally modified and original fusl-injecilon norzles.
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Figure 7. - Orifice fuel injector.
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(b) Side view,
Figure 8. - Berveted ammilar beffle flame holder.

v

35



A R ol e,

P T T



1287

NACA RM EBODO4 - oibbaidniBA L

C- 22477

e _ == ___.."_..__;“__ — _—_— ] 102648

C-22478

—_— - ki ' 10.26-48
CF kR I S T L T e

37



o e vl



1287

NACA RM E50D04

C-23211
3.298-489

Figure 10, - Upstream view of corrugated gubter flame holder,
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Figure 11, - Comparison of pressure=-loss charaoteristios of
holders investigated.
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Figure 15. - Auxiliary fuel injector oomsisting of spoks and modified occmmeroial sprey noszzle,
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Figure 16, = Amxiliary fuel injector comsisting of spoke and orifice-type redial sprey bar,
HOTEEERke



TR e Ry



1287

NACA RM E50D05 AT

Outlete
area
) ratio
Lg/h,
O 0.739
o « 876
A « 800
i
o —C
fe b
AR
°
83 v
15, -
3
°
&
- 100 - =
g tCombustlon=chamber«inlet
‘e /_ velocity, Vx, ft/sec
0 »
os 8o~ | 186
:;a 179 %95 79
a8 1 3
S . 1zgr 79
8 ‘_9 170 108
167
£ 1 R ~%
60 1 1
°  Loe .05 .06 .07 .08

Fuel=air ratio, f/a

Flgure 17, - Effect of fuel-alr ratio on combustion efflolency
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Figure 18, - Comparison of combustion performance of rake burner
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Flgure 19, - Effest of fusl-air ratlo on combustion efficliency and total~temperature ratio

soross combustion chamber with reke burner and radial-spray=-bar auxiliary fuel injeotor.
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Plgure 20, = Effect of fuel-air ratio on combustion efficlency
and total-temperature ratio across combustion chamber with
corrugated gutter burner. Fuel, gasolinej combustion-
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